New sal 2 (trien) ligands that contain alkoxy substituents of various length in meta position of the salicyl entities were coordinated to electronically and magnetically active iron(III) and cobalt(III) centers. The electrochemical and spectroscopic properties of these amphiphilic complexes are 10 virtually unaffected upon alteration of the alkoxy substituents, thus providing a system in which the physical behavior and the metal-centered chemical activity can be tailored independently. The amphiphilic character has been exploited for preparing Langmuir monolayers at the air-water interface and for constructing Langmuir-Blodgett films, hence allowing for hierarchical assembling of electronically and magnetically active systems. While Langmuir films were stable, transfer onto 15 solid supports was limited, which restricted the magnetic analysis of the Langmuir-Blodgett assemblies. 45 without affecting the bonding situation around the metal center. Similar to amine functionalization, 10 aryl substitution addresses two mutually cis-oriented donor sites of the sal 2 (trien) ligand. Introduction of lipophilic substituents therefore provides a methodology for evoking amphiphilic 50 behavior of the molecule, especially when bound to a M III metal center that induces an ionic coordination environment. Systems with pronounced amphiphilic character tend to selfassemble, for example into Langmuir films at the air-water interface. 11 This methodology is often more predictable than 55 crystal engineering 12 for organizing the redox-and spincrossover active metal centers in a distinct arrangement. 13 In addition to this two-dimensional self-assembly at the air-water interface, stepwise organization of the material into the third dimension can be achieved through repetitive immobilization 60 of layers onto a support. Such Langmuir-Blodgett (LB) film fabrication ideally affords multilayered systems with a hierarchical structure. While films of spin crossover-active iron(II) complexes have been known, the use of iron(III) complexes for film fabrication is rare. 13,14 This is surprising 65 45 † Synthetic procedures for the synthesis of the ligands, pressure-area isotherms of complexes 6, stability plots of films comprising the cobalt(III) complexes and the iron(III) complexes 7e-g, and Brewster angle microscopy images for 7d. See
Introduction
Many metal-centered processes are amplified if the active sites are operating in a cooperative fashion. 1 A classic 20 example for such enhanced activity due to cooperation is the spin transition in spin-labile complexes. 2,3 Synchronized spin crossover typically results in abrupt transitions, often accompanied by a hysteresis, while non-cooperative transitions are gradual and hence much less attractive. 25 Hierarchical self-assembly, 4 that is, supramolecular organization that is controlled in at least one dimension by stepwise growth, constitutes a useful concept for achieving cooperativity. 5 In order to effectively allow for tailoring structure and function independently, this concept requires a 30 proper separation of structurally directing elements from active sites such as spin crossover centers. 6 A major advantage of this concept then consists of the possibility to extrapolate structural trends to other functional entities. For example, layer-by-layer deposition 7 has become a widely 35 applicable method for the arrangement of functional units of great variety on a surface. 8 We have applied this concept by using potentially spin-and redox-labile metal complexes of the dianionic sal 2 (trien) ligand (Fig. 1) , a system that has been well-studied for spin 40 crossover. 9 Ligand functionalization with a methoxy group at the aryl ring (R = OMe) was reported to affect the spin crossover and the redox activity of the metal center only marginally. 9c This position hence offers a suitable anchor for covalently installing entities for supramolecular engineering when considering the pronounced stability of Fe III towards oxidation at the air-water interface. Moreover, we have recently evidenced the improved activity of such assembled systems in solution. 15 By expanding these efforts, we here report on the synthesis of different redox-active and 70 potentially spin-labile Co III and Fe III complexes comprising variably long alkyl chains in the sal 2 (trien) aryl backbone and on the parameters that are relevant for assembling these systems into Langmuir and Langmuir-Blodgett films. Preliminary analysis of mono and bilayer structures suggests 75 that in contrast to solid material, the self-assembled films do undergo spin-crossover. 
Results and Discussion

Cobalt(III) and iron(III) complexes
Functionalization of 4-hydroxy salicylaldehyde 1 according to published methods 16 facilitated the introduction of alkyl chains of variable length in the phenolic part of the ligand 5 precursor, thus affording the aldehydes 3a-d (Scheme 1). The regioselectivity of alkylation was confirmed by nOe effects between the α-protons of the alkyl chain and the two aryl protons meta to the aldehyde. In a similar manner, two lipophilic side chains per phenolic unit were incorporated by 10 using the benzylbromides 2e-g containing two alkoxyresidues in the 3,5-positions, 17 thus yielding the bulkier aldehydes 3e-g in good yields, even when performing the reaction on a multigram scale. Subsequent condensation with triethylenetetramine (trien) 15 gave the potentially hexadentate ligand precursors 4, which were metallated either after isolation or preferably in situ due to the sensitivity of 4 towards hydrolysis. 18 Reaction with CoCl 2 and subsequent standing in air gave the corresponding cobalt(III) complexes 5. Acceleration of metal oxidation by 20 saturating the reaction mixture with O 2 lowered the yields of 5 substantially, suggesting that initial metal coordination requires a cobalt(II) center. The non-coordinating counter anion in 5 was readily displacable because of the high solubility of 5 in organic solvents. Thus, stirring a solution of 25 5 in THF in the presence of AgNO 3 gave the corresponding nitrate salts 6 in excellent yields. The new iron(III) complexes 7e-g were synthesized analogously to the previously reported alkyl functionalized complexes 7a-d. 15 While the paramagnetic nature of the iron complexes 7 30 precluded NMR investigations, the corresponding cobalt complexes were diamagnetic. The NMR spectra of complexes 5 consistently indicate a symmetrical arrangement of ligand, as only half of the expected number of signals is apparent. All methylene protons are diastereotopic, thus pointing to a rigid 35 chelation of the hexadentate ligand. While different isomers were proposed for unfunctionalized complexes, 18b our results suggest that long alkyl chains restrict fluxional processes. A symmetrical arrangement is consistent with the trans imine configuration as shown in Scheme 1 (cf crystallographic 40 analyses below). Complexation is indicated by small but diagnostic low-field shifts of the aromatic and the imine protons (Δδ 0.1) in the pertinent 1 H NMR spectra. The largest displacements were noted for the CH 2 protons attached to the imine donor site, which shift approximately 0.5 ppm 45 downfield upon cobalt coordination. Structural analyses of the iron(III) complexes 7 is more limited. Single crystals of 7a were obtained, though the refinement did not converge due to strong disorder and weak diffraction. Nevertheless, a connectivity pattern around the 50 iron center was established that was in agreement with the arrangement deduced from solution NMR-analysis of the cobalt complexes 5. Together with the crystal structure previously determined for 7b, 15 these results suggest that the complexes generally adopt a conformation as shown in 55 Scheme 1, including a mutual cis arrangement of both the phenolate units and the amine donors, and a trans orientation of the imine ligands.
All complexes were analyzed by electrochemistry. The cobalt(III) complexes undergo an irreversible reduction at 60 around -0.8 V, irrespective of the nature of the counter anion. 19 In contrast, cyclic voltammetry on the iron(III) complexes 7 revealed a reversible reduction of the metal center at -0.55 V (vs. SCE; Table 1 ). 20 The reduction potentials for all iron(III) complexes are essentially identical 65 and indicate that functionalization of the phenolate unit does ii) air not alter the electronic properties of the metal center. Obviously, the electronic activity of the metal center is not affected by variation of the structurally directing hydrophobic tails. Further support for an effective separation of structural and functional elements in complexes 7 was obtained from 5 spectroscopic analyses using UV-vis and IR techniques. Modification of the alkyl tail length (7a-d) or the number of alkyl chains (7e-g) had virtually no impact on the low-energy absorption wave-length in the visible region (λ max ), attributed to a ligand-to-metal charge transfer. This band is expected to 10 be highly sensitive to modifications in the ligand donor properties and to changes in the ligand coordination geometry. Spectroelectrochemical measurements using an optically transparent thin layer electrode (OTTLE) cell 21 allowed the electrochemically generated iron(II) complexes to be 15 characterized in situ. For example in complex 7a, a bathochromic shift of the absorption maximum to 536 nm was noted upon reduction. In addition a new maximum at 346 nm is observed, perhaps due to a ligand centered process. 22 Self-assembly 20 The potential of the functionalized complexes to form organized structures was probed at the air-water interface and on highly ordered pyrolytic graphite (HOPG). Representative AFM imaging ( Fig. 3 ) indicate that simple spin coating induces only little organization of complex 7d. Upon 25 annealing at 90 °C, however, nanosize domains form that reflect the affinity of the complexes to aggregate and selfassemble.
Langmuir films
Langmuir films at the air-water interface were investigated for 30 all complexes 7 and for selected cobalt complexes. Representative pressure-area isotherms and stability plots of the films are shown in Figure 4 . These measurements allow for a number of conclusions. First, it appears that a critical number of apolar sites is required in order to achieve high- 35 density films. Complex 7a does not form films, perhaps due to partial water solubility, while 7b with short C 8 alkyl chain functionalities does not pack well, which is reflected by the low accessible surface pressure and the steady decrease of the pressure upon keeping the surface constant ( Fig. 4a, 4b ). This 40 low tendency of film formation may be a consequence of the limited number of apolar molecular recognition sites, inducing only small attractive forces. In addition, the hydrophobichydrophilic bias within the molecule may be too small to induce a high tensor difference and hence a preferred 45 orientation of the molecules at the air-water interface. In contrast, films of complexes 7c and 7d were stable over extended periods of time (> 90 min) and formed a dense twodimensional network. Film formation with these complexes was fully reversible and expansion upon pressure release 50 occurred with virtually no hysteresis even after repetitive compression-expansion cycles. The suitability of these complexes for Langmuir films was further supported by monitoring the film forming process by Brewster angle microscopy (BAM), 19 which revealed a homogeneous process 55 without the appearance of specific domains.
When using complexes with twice the number of alkyl chains per head group, viz. complexes 7e-g ( Fig. 4c ), assembly started earlier, perhaps induced by the larger fractional volume of apolar groups when compared to 7b-d. 60 The isotherm of films from 7g provides a rare case where a distinct transition from the liquid condensed to the solid phase is apparent. 23 No significant differences in terms of stability were observed upon doubling the number of alkyl chains. Irrespective of the number of alkyl chains, the specific molecular area is consistently around 80-85 Å 2 per molecule, 5 which may seemingly be dictated by the polar iron sal 2 (trien) head group rather than the alkyl tails. However, models based on crystal structure analyses suggest a surface area of the polar iron sal 2 (trien) unit of ca. 65 Å 2 , 9 thus requiring three alkyl chains of 20 Å 2 each for reaching similar projection 10 planes of the polar and apolar fragments. 24 Possibly, back folding 25 of the alkyl chains in the complexes 7c and 7d may occur, thus accounting for the observed surface per molecule (~ 4 × 20 Å 2 ) and providing an explanation for the similar surface area of the dialkylated complexes with the 15 tetralkylated (and presumably not back folding) species 7e-g. Such a model is also consistent with the low film stability of complex 7b, as back folding is inefficient and less probable with shorter C 8 alkyl chains. Upon increasing the number of C 8 chains to four as in 7e, back folding is not required any 20 more and the complexes pack densely. The general features deduced for films comprised of iron(III) complexes are also valid for assembling the analogous cobalt(III) complexes at the air-water interface. High surface pressures up to 60 mN m -1 were accessible with 25 these components. The anion exerted only little influence and films comprising either chloride (5) or nitrate (6) showed only small differences. 19 Characteristically, however, the surface area per molecule is markedly influenced by the number of alkyl chains. Films of complexes comprising four alkyl chains 30 (5f, 5g) can be compressed to a minimum area of approximately 80 Å 2 per molecule ( Fig. 4d ), which corroborates the results obtained with iron complexes. However when using complexes 5c or 5d, functionalized with two alkyl chains only, the minimum area shrinks to ca. 55 Å 2 35 per molecule, a value only slightly smaller than the calculated surface of the metal sal 2 (trien) unit. Hence, these results are consistent with a model in which the polar group is limiting the specific surface area if two alkyl groups are used, whereas with complexes containing four alkyl groups, the apolar 40 fraction determines the specific molecular area. While our results do not allow for deduction of a rationale for this distinctly different behavior of iron(III) and cobalt(III) complexes, it is interesting to note that the driving forces for assembly can be swapped by changing the central metal atom. 45 Irrespectively, both types of complexes display a low tendency for hydrolysis in contact with water, as illustrated with the prolonged stability of the Langmuir films.
Transfer of Langmuir films onto supports
Multilayers rather than monolayers, which intrinsically 50 display low signal-to-noise ratios, are often desirable for the fabrication of devices that are potentially useful for electronic or magnetic applications. Multilayer deposition on a solid support and the formation of Langmuir-Blodgett films provides a versatile tool to achieve a hierarchical arrangement 55 of the active units with controlled intermolecular interactions. To this end, the transfer of the iron-containing films from 7d onto glass was investigated in detail. The transfer ratio was generally high (~ 0.9), though only upon emersion of the support (Table 2, Fig. 5a ). During down-stroke the transfer ratios were initially close to zero, indicating that immersion 5 did not result in film transfer. Multilayer fabrication was limited to a maximum of four layers, as subsequent layer deposition occurred only partially (transfer ratio ~ 0.7) and, most significantly, these layers were released again upon immersion. Attempts to increase the number of layers by 10 changing the solid support from glass to silicon wafers or to gold showed no improvement. Modification of the surface pressure during film transfer from 4 to 8 mN/m enhanced the initial transfer ratio (0.97 for first emersion, 0.89 for second emersion), however, only oligolayers were obtained again. 15 Based on the absence of film transfer upon immersion, formation of a Z-type layer may be surmised (Fig. 5b) , 26 with the polar headgroups oriented towards the support. While we do not have any model so far that may rationalize this unusual Z-type layering, 27 clearly, potential applications are attractive 20 due to the anisotropy generated by such a hierarchical organization.
Due to the low transfer ratio, analysis of the physical properties of the film were hampered and spin crossover behavior could not be reliably established. The UV-vis 25 spectrum of the film at 297 K revealed the characteristic high spin absorption around 500 nm (Fig. 6 ), which is considerably sharper than in solution measurements. Cooling the film to lower temperatures does, however, not indicate a clear transition, as the diagnostic low spin absorption bands around 30 380 nm and 650 nm are barely detectable. Better film properties and in particular improved transfer ratios may be required, perhaps upon modification of the molecular recognition sites. Work along these lines is currently in progress.
35
Conclusions
An approach has been developed that allows for functionalization of electronically and magnetically active iron(III) and cobalt(III) complexes with molecular recognition sites at remote positions that do not affect the function of the 40 metal. As a consequence, independent optimization of the structurally directing elements for self-assembly and in parallel of the functional activity is possible in these entities. Using this methodology, stable films were successfully prepared, thus entailing the controlled assembly of potentially 45 redox and spin labile systems. When transferred on a suitable support, such hierarchical assemblies may provide access to magnetically switchable devices with improved metal-metal cooperativity, potentially applicable for example in data storage technology. Independent of the spin transition 50 properties, the redox activity of the film components may constitute an attractive feature for molecular electronics.
Experimental Section
General Comments
The synthesis of the bromides 2e-g, 28 the 4-alkoxy-55 functionalized salicylaldehydes 3a-d, 29 the aldehydes 3e-g, 19 and the complexes 7a, 7b, and 7d were reported elsewhere. 15 THF was dried by passage through a solvent purification column. All other reagents were commercially available and were used as received. Flash chromatography was performed 60 using silica gel 60 (63-200 mesh) or basic alox (0.05-0.15 mm, pH 9.5). All 1 H and 1 3 C{ 1 H} NMR spectra were recorded 3.9 0.74 8 -3.9 -0.74 9 3.9 0.74 a glass area approximately 7 cm 2 , transfer at P = 4 mN m -1 , at least 10 minutes drying allowed before immersion (even layer numbers). The mixture became immediately brown, and was stirred at RT for 20 min and exposed to air for 7 h. The suspension was filtered over a bed of silica and eluted with EtOH/THF 2:1 (80 mL). After evaporation the residue was purified on a short pad 40 of Al 2 O 3 by first washing with CHCl 3 (60 mL) and subsequent eluting with EtOH/THF 2:1 (80 mL). After evaporation of the EtOH/THF fraction, the product was redissolved in CHCl 3 (5 mL) and centrifuged. for 20 min and exposed to air for 7 h. The suspension was filtered over a bed of silica, eluted with EtOH/THF 2:1 (40 mL). After evaporation the residue was purified on a short pad of Al 2 O 3 by first washing with CHCl 3 (30 mL) and subsequent eluting with EtOH/THF 2:1 (50 mL). After evaporation of the 95 EtOH/THF fraction the residue was redissolved in pentane (15 mL) , filtered through celite and evaporated in vacuo to give 5f as a brown waxy solid (287 mg, 43% General procedure for the synthesis of 6. Chloride complex 5 (0.37 mmol) was dissolved in THF (10 mL) and treated with AgNO 3 (0.37 mol) dissolved in H 2 O (5 mL 
Langmuir Measurements
20
Pressure-area isotherms and time stability were measured at 25 °C on a KSV MiniMicro Langmuir-Blodgett trough (KSV, Finland) with a surface area between 1700 and 8700 mm 2 .
Water was purified with a Barnstead Nanopure system (Thermo Scientific), and its resistivity was measured to be 25 higher than 18 MΩ cm. Chloroform (puriss. p.a. ≥ 99.8%, Fluka) was used as spreading solvent. Typically drops of the surfactant solution (20 µL, 0.50 mM) were deposited using a microsyringe on the water subphase. After letting the solvent evaporate for 30 min, the barriers were compressed at 6 mm 30 min -1 (3 cm 2 min -1 ) and the surface pressure was monitored using a platinum Willhelmy plate.
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